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■SUMMARY 

This report presents the. mechanical and stress corrosion properties 
of Custom 455 stainless steel alloy bar and sheet material aged at 950°F 
(510°C), 1000°F. (538°C) and i050°F (566°C). The mechanical properties 
were evaluated at temperatures from +80°F(+26. 7°C) to -200°F (-129°C). 

The tensile test data indicate both increasing ultimate tensile strength and 
0.2 percent offset yield strength with decreasing temperature. Elongation 
held fairly constant to -100°F (-73°C) and indicated a. slight decrease at 
-200°F (-129 U C). Reduction in area, measured in the longitudinal round 
tensile specimens’, indicated a moderate decrease with decreasing temperatures. 
Notched tensile strength and eharpy V-notched impact strength decreased with 
decreasing temperatures. 

Results of the 180-day alternate immersion stress corrosion tests in a 
3. 5 percent NaCl solution indicated that the longitudinal and transverse sheet 
specimens, the longitudinal bar specimens, and the transverse "C" -ring 
bar spegimens were not susceptible to stress corrosion cracking, even when 
stressed as high as 90 percent of the 0.2 percent yield strength. Tensile 
tests made on the specimens after exposure to the stress corrosion media 
indicated that the alloy was hot affected by the stress or the exposure. 

The data presented in this text is a continuation of work reported in . 

NASA- TMX 53665, dated October 20, 1967. Test results and conclusions 
reported herein have not been made available through any other source prior to 
this publication. . . 



INTRODUCTION 


Carpenter Custom 455 stainless steel alloy has previously been investigated 
by the Materials Division, Astronautics Laboratory, of MSFC and the test data, 
derived from vacuum melted material from Carpenter heat number Z80128, 
was reported in NASA-TMX-53665, dated October 20, 1967. Our conclusions 
at that time were that additional cryogenic temperature mechanical testing was 
needed for several heats of material. We also indicated that for future 
evaluations, round smooth tensile and round V-notched specimens of at least 
0. 50-inch (1.27 cm) diameter would be preferable to the small [0. 1250-inch 
(0.3175 cm)J diameter specimens used in that evaluation. At the time of 
reporting the previous data we suspected that our vacuum furnace temperature 
indicator was indicating a plus 50°F (28 U C) error at the aging temperatures. 
Further investigation has confirmed our suspicions and an errata sheet will 
be published correcting the temperature to indicate aging at 950°F (510°C), 
1050°F (566°C), and 1100° F (593°C). 

The Materials Division of MSFC also performed a second evaluation of 
Custom 455 alloy and reported this data in a letter to the Carpenter Steel 
Company, on April 15, 1969. Numerous failures occurred, in less than 30 
days, in the transverse flat tensile specimen and in the transverse "C" -ring 
specimens aged at 900°F (482°C) and 950°F (510°C) and exposed to alternate 
immersion testing in a 3. 5 percent NaCl solution. It was determined that 
the bar material from heat number 85215 and the sheet material from heat 
number 86032, used in that evaluation, had been air melted and contained 
stringers, probably titanium carbonitrides , and banding. The Carpenter Steel 
Company took immediate steps to remove from their inventory all of the 
material which they felt had any tendency toward this condition. A change in 
the method of manufacturing Custom 455 materials was also made at that 
time to limit the production of Custom 455 to vacuum melting only and a 
recommendation that a minimum aging temperature of 1000°F (538°C) be 
used when service in environments containing chlorides is contemplated. 

Our present investigation of Custom 455 alloy utilized vacuum melted bar 
[1.0-inch (2.54 cm) diameter ] and sheet [0. 083-inch (0.211 cm) thick] 
material from Carpenter Technology’s heat number 88832. 



EQUIPMENT AND TEST SPECIMENS 


Cryogenic tensile properties were determined by utilizing a conventional screw 
powered, universal testing machine with liquid nitrogen as the cooling medium and 
controlled by a recorder-controller actuated by a chromol-alumel thermocouple. 

An additional thermocouple attached to a potentiometer was employed for accuracy- 
checks.- Cryogenic tensile testing utilized a. special extenso meter which attaches 
directly to the specimen gage length. Impact testing at low temperatures utilized 
the same recorder-controller thermocouple-actuated set-up. A second thermocouple 
was attached to the specimen V- notch and temperature measurements were made 
with a potentiometer. A special cover was used on the impact tester for temperature 
stabilization. The impact specimens were machined from bar stock to the Federal 
Standard No. 151 configuration. Tensile test specimen configurations appear in 
Figures 1A, 1 B, 2A and 2B, and the chemical composition of the test material is 
shown in Tabic 1. 

The equipment used in the stress corrosion testing is described in a report 
by Williamson (Ref. 1). Appendix I describes the "Method for Stressing "C" Ring 
Stress Corrosion Specimen. " Figures 3-5 illustrate the stress corrosion test 
specimen configurations. The "C" -ring specimens were stressed in the trans- 
verse direction to 50, 75, and 90 percent of the 0.2 percent longitudinal yield 
strength and placed in the 3. 5 percent NaCl solution for 180 days of alternate 
immersion testing (10 minutes in solution, 50 minutes above solution). 

Longitudinal and transverse flat tensile specimens of. 0. 083-inch (0.211 cm) 
diameter were stressed to 0, 50, 75, and 90 percent of their yield strengths, 
respectively, and subjected to the same stress corrosion test. 


RESULTS AND DISCUSSION 

The tensile test data and Charpy V-notched impact test results of the 
ambient-through-cryogenic-temperature mechanical properties evaluation are 
tabulated in Tables II - V, and these properties are plotted in Figures 6- 14. 

Table II contains test data on longitudinal round tensile specimens' [ 0.250-inch 
(0. 035 cm) diameter ] machined from 1. 0 inch (2.54 cm) diameter bar and age 
hardened at 950°F (510°C), 1000°F (538°C), and 1050°F (566°C). As indicated 
in these test data, there is an increase in ultimate tensile (U.T. S.) and 0.2 
percent yield strengths (Y.S. ) with decreasing temperature. Elongation, 
measured in 2. 00-inches (5. 08 cm) held fairly constant to -100°F (-73°C) and 
indicated a slight drop at -200°F (-129°C). Reduction in area (R.A.) measured 
in the longitudinal round specimens decreased moderately with decreasing 
temperatures. Notched tensile strength (N. T. S.) decreased with decreasing 
test temperature. The notched to unnotched tensile ratio (stress concentration 
factor Kj_ 7. 5) indicated excellent notched tensile strength for the longitudinal 
round tensile specimens aged at 1000°F (538°C) and 1050°F (566°C). The notched 
tensile strength of the 950°F (510°C) aged round tensile specimens dropped 
considerably at -200° F (-129°C). 
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Tables III and IV, respectively, contain test data on longitudinal and on transverse 
flat tensile specimens [0. 083-inch (0.211 cm) thick] machined from sheet material 
and age hardened at 950°F (510°C), 1000°F (538°C), and 1050°F (566°C). These 
test data indicate the same trends in properties as the longitudinal round tensile 
specimen data contained in Table II, except for the notched to unnotched tensile 
ratio which is considerably lower for the flat specimens. This is due, possibly, to 
the difference between round V-notched specimens and flat V-notched specimens 
and the greater stress concentration factor in the flat specimens. These data 
indicate the resistance of the material, aged at 1000°F (538°C) and 1050°F (566°C), 
to the adverse effects of notches when tested at temperatures down to -100°F 
(-73°C). However, at -200° F (-129°C), the notched to unnotched tensile ratio 
decreased abruptly, indicating a notched senitive condition. This notclf sensitive 
condition shows up more quickly and more severely in the 950°F (510° (5) aged 
material, as indicated by the rapid drop in notched tensile strength at -100°F 
(-73°C). 

Table V contains charpy V-notched impact test data on specimens machined from 
1; 0 inch (2.54 cm) diameter bar, age hardened at 950°F (510°C), 1000°F (538°C), 
and 1050° F (566° C). These data indicate reasonable impact values for the 1000°F 
(538°C), and 1050°F (566°C) aged material at temperatures down to -100°F (-73°C). 
At -200° F (~129°C) the impact energy is relatively low. The test . specimens aged 
at 950°F (510°C) indicated considerably lower impact values at all testing temp- 
eratures. 

The mechanical properties of the test specimens, after 180 days of alternate 
immersion exposure in a 3. 5 percent NaCl solution, are reported in Tables VI, VII, 
and VIII. These data indicate the mechanical properties of the longitudinal round 
and longitudinal and transverse flat tensile specimens age hardened at 950°F 
(510°C), 1000°F (538°C), and 1050°F (566°C), respectively. These test data 
represent mechanical properties that are so consistent that they indicate no adverse 
effects of stress (up to 90 percent of the Y. S. ) or environment (3. 5 percent NaCl 
solution). Therefore, only the averages of the specimens stressed to 0, 50, 75, 
and 90 percent of the Y.S. have been converted to the metric equivalent. ■ 

No failures were observed in the unstressed or the stressed longitudinal bar 
specimens or the transverse "C" -ring bar specimens or the longitudinal or 
transverse sheet specimens during or after the 180 days of alternate immersion 
testing in a 3. 5 percent NaCl solution. 

Figures 6-8 illustrate the cryogenic mechanical properties, as tabulated in, 

Table II, of the longitudinal round tensile specimens age hardened at 950°F 
(510°C), 1000°F (538°C), and 1050°F (566°C), respectively. As indicated in 
these figures, the reduction in area does not drop below 50 percent for any of 
the cryogenic temperatures employed in this investigation. 


Figure 9 illustrates the notched properties, including notched tensile, notched 
to unnotched tensile ratio, and charpy V-notched impact strength for longitudinal 
round bar material age hardened at 950°F (510°C), 1000°F (538°C), and 1050°F 
(566°C) 

Figures 10-12 illustrate the cryogenic mechanical properties, as tabulated in 
Tables 3 and 4, of the longitudinal and transverse flat tensile specimens age 
hardened at 950°F (510°C), 1000°F (538°C), and 1050°F (566°C) respectively. 
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Figures 13 and 14 represent the notched tensile strength and notched to unnotched 
tensile ratios for the longitudinal and transverse flat specimens respectively, age 
hardened at 950° F (510°C), 1000°F (538°C) and 1050 U F (566°C). The 1050°F 
<566°C) age hardened material specimens illustrated the superior notched 
properties. 

Figure 15 illustrates the alternate immersion bath which was utilized in the 
stress corrosion evaluation of Custom 455 alloy material. 

Figures 16 and 17 illustrate representative samples of the 950°F (510°C) age 
hardened test specimens prior to, and after, 180 days of alternate immersion 
testing in a 3. 5 percent NaCl solution. The excellent corrosion resistance 
properties of Custom 455 stainless steel alloy are enhanced by the protective 
oxide coating which forms on the test specimens immediately upon exposure to 
the chloride environment. • 

Figures 18A-20B illustrate the longitudinal and transverse micro structure of 
the three age hardened conditions as revealed by a hydrochloric-nitric acid- 
glycerine etchant. The aging treatments make very little difference on the ' 
microstructure of this material. There is also very little difference in the 
microstructure of the material rolled in either the longitudinal or transverse 
directions. However, there is a marked difference between the microstructure 
of the bar and sheet material. The orientation of stringers is indicated in the 
microstructure of the longitudinal bar material. The sheet material niicrostructure 
indicates a considerable increase in grain size as compared to the bar material 
grain size. The strengthening mechanism of the alloy is the precipitation of 
inter metallic compounds containing titanium and copper, brought about by age 
hardening. The microstructure of the material does not reveal this strengthening 
mechanism. The presence of compounds containing titanium, possibly titanium 
carbonitrides, can be identified, but the degree to which they affect the strength 
of the material cannot readily be determined by observation of the micro structure. 
Hardness testing is a non-destructive method which can be used to determine the 
strengthening effect of age hardening in Custom 455 alloy. 

Figures 21A-23C illustrate fractographs taken by Transmission Electron 
Microscopy (TEM) at 3 150X magnification. These fractographs were made on 
smooth and V-notched round tensile specimens and on charpy V-notched impact 
specimens aged at 950°F (510°C), 1000°F (538°C), and 1050°F (566°C), and 
tested at temperatures from ambient to -200°F (-129°C). The susceptibility 
toward brittleness is increased with increasing ; strength and decreasing temp- 
erature. 


CONCLUSIONS 

Based upon the results of this evaluation and other evaluations of Custom 455 
alloy made by the Materials Division, Astronautics Laboratory of MSFC, the 
following conclusions are drawn: 



(1) Custom 455 alloy has a relatively simple heat treatment which consists 
of a solution treatment at 1500°F (816°C) for 1 1/2 hours, followed by water 
quenching and age hardening at 950°F (510°C) or 1'000°F (538°C) or 1050°F 
(566 C) for four hours and air cooling. 

(2) The only recommended method of melting Custom 455 alloy is the 
vacuum melting process. Air melting introduces inclusions and stringers which 
have a detrimental effect on stress corrosion properties, notched properties, 
and low temperature mechanical properties. 

(3) Custom 455 alloy has a higher yield strength, derived from heat . 
treatment, than any 300 series stainless steels and most precipitation hardenable 
stainless steels, and marks a significant advancement in the area of pre- 
cipitation hardening alloys. A yield strength of 200 KSI (1.3796 CN/mr) can be 
realized without adversely affecting the stress corrosion properties of the alloy. 

(4) Longitudinal round tensile specimens have fairly stable and consistent 
reduction in area and elongation values at test temperatures down to -200 F 
(-129°C). The notched to unnotched tensile ratio (K^ = 7.5) is greater than 1; 0 
for the bar material aged at 1000°F (538°C) and 1050°F (566°C) and tested at 
temperatures down to -200°F (-129°C). 

(5) The longitudinal sheet material mechanical properties such as U. T, S. , 
Y. S. , and elongation were good down to -200°F (-129°C) for all three aging 
treatments. However, the notched to unnotched tensile ratio (Avg. 1C = 12) of 
the sheet material declined sharply at temperatures below 0°F (-17. 8°C). 

(6) A fair degree of toughness is obtained for all three heat treatments 

as reflected in the charpy V-notched impact strength at test temperatures down 
to 0°F (-17. 8°C). The 1000°F (538°C) and the 1050°F (566°C) aged materials 
indicate good impact strength down to -100°F (-73. 0°C). 

(7) Considering the overall mechanical properties obtained in our evaluation 
of vacuum melted material, it would be reasonable to consider either sheet or bar 
material aged at 950°F (510°C), 1000°F (538°C), and 1050°F (566°C) for tension” 
application down to 0°F (-17. 8^0). Bar material, stressed in the longitudinal f 
direction, could probably be utilized at temperatures down to -100°F (~73°C). 

(8) Custom 455 alloy, produced by vacuum melting and aged at 950° F 
(510°C), 1000°F (538°C), and 1050°F (566°C), is not affected by stresses up to 
90 percent of the 0. 2 percent yield strength when exposed to a 3. 5 percent 
NaCl solution for 180 days of alternate immersion testing. 
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APPENDIX I 


METHOD FOR STRESSING "C" -RING STRESS CORROSION SPECIMENS 

The following is a procedure for stressing "C" -ring stress corrosion specimens 

1. Measure with a micrometer to the nearest 1/1000 of an inch the outside 
parallel to the stressing crew (averaging the two ends of the ring) and the wall 
thickness. 

2. Set up a table to calculate the final diameter (ODf) required to give the 
desired stress using the following equations: 


OD f = OD- A 

= f.fh .D 2 
4. E. t. Z 


where A 
f 

OD 

t 

D 

E 

Z 


OD f 


Change of OD giving desired stress, inches 

Desired stress, psi 

Outside diameter, inches 

Wall thickness, inches 

Mean diameter (OD-t), inches 

Modulus of elasticity 

Constant (function of ring D/t) 

Final outside diameter of stress "C" -ring f 
inches 


3. To simplify calculations, certain terms in the above equation may be 
combined into a constant that will be applicable for a group of rings of the same 
alloy and size. 

Let 4. E = K, a constant 


Then 
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Low Temperature Mechanical Properties of Custom 455 Stainless Steel 
Longitudinal Flat Tensile Specimens 0. 083-Inch (0. 211cm) Thick 
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Mechanical Properties of Custom 455 Stainless Steel Aged at 950 F (510 C) 
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Mechanical Properties of Custom 455 Stainless Steel Aged at 1050 F (566 C) 




16 



5.750 

( 14 . 605 ) 




^ 00 
r CO 

Oo 
+ '+i 

oS 

Ml CO 
CSnO 




CN^ 


FIGURE 1A ■ FLAT TENSILE TEST SPECIMEN CONFIGURATION 
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FIGURE 4 FLAT TENSILE SPECIMEN CONFIGURATION FOR STRESS CORROSION TEST 
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FIGURE 6 LOW TEMPERATURE MECHANICAL PROPERTIES OF CUSTOM 455 STAINLESS STEEL 
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TENSILE SPECIMENS [0.250 INCH (0.635 CM) DIAMETER] AGED AT S50°F (510°C) 
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FIGURE 8- LOW TEMPERATURE MECHANICAL PROPERTIES OF CUSTOM 455 STAINLESS STEEL 
TENSILE SPECIMENS [0. 250-INCH (0.635 CM) DIAMETER] AGED AT 1050°F (566°C) 
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LONGITUDINAL TENSILE SPECIMENS AND CHARPY IMPACT SPECIMENS 
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FIGURE 10 • LOW TEMPERATURE MECHANICAL PROPERTIES OF CUSTOM 455 STAINLESS STEEL 
FLAT TENSILE SPECIMENS [0.083-INCH (0 211 CM) THICK] AGED AT 950.°F (510°C) 
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FIGURE 13 LOW TEMPERATURE NOTCHED TENSILE PROPERTIES OF CUSTOM 455 STAINLESS 
LONGITUDINAL SHEET [0.083-INCH (0.21 1 CM) THICK] SPECIMENS 
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FIGURE 14 - LOW TEMPERATURE NOTCHED TENSILE PROPERTIES OF CUSTOM 455 STAINLESS 
TRANSVERSE SHEET SPECIMENS [0.083 INCH (0.21 1 CM) THICK] 
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FIGURE 15-ALTERNATE IMMERSION BATH 
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Etchant: HCl Nitric Acid-Glycerine Mixture 



FIGURE 18B ■ MICROSTRUCTURE OF CUSTOM 455 STAINLESS STEEL ALLOY SHEET AGED AT 950°F (510°C) 
Etchant: HCI - Nitric Acid-Glycerine Mixture 




Etchant: HCI-Nitric Acid-Glycerine Mixture 
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FIGURE 208 - MICROSTRUCTURE OF CUSTOM 455 STAINLESS STEEL ALLOY SHEET AGED AT 1050°F (566°C) 
Etchant: HCI-Nitric Acid-Glycerine Mixture 
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FIGURE 22A - TEM FRACTOGRAPHS OF CUSTOM 455 STAINLESS STEEL ALLOY AGED AT 1000°F (538°C) 
SMOOTH BAR TENSILE FRACTURES 3150X Mag 








Edge 


+80°F (+26.7°C) 


Center 


Edge 


0°F (— 17.8°C) 


Center 


Edge 


— 100°F (— 73°C) 


Center 


Edge 


— 200°F (— 129°C) 


Center 


FIGURE 22B - TEM FRACTOGRAPHS OF CUSTOM 455 STAINLESS STEEL ALLOY AGED AT 1000°F(538°C) 
V-NOTCH BAR TENSILE FRACTURES 3150X Mag 


45 






msssht 


Center 


Center 


Center 


Center 


FIGURE 22C TEM FRACTOGRAPHS OF CUSTOM 455 STAINLESS STEEL ALLOY AGED AT 1000°F (538°C) 
CHARPY V-NOTCHED IMPACT BAR SPECIMEN FRACTURES 3150X Mag 
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